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ABSTRACT

Snt”

A summary of research and engineering studies conducted on a long-
range program of off-road mobility research is presented in Volume I of this
two volume report. These studies, some of which are only partially completed,
are directed at providing technical knowledge which is required to match off-
road vehicles with military mobility requirements.

A hybrid computer model is described which will permit predicting
vehicle dynamics performance of simulated vehicles traversing a broad
spectrum of off-road situations. A critique of existing soil trafficability
theories is made based on a review of the literature which treats the
comparison of vehicle performance prediction with experimental results.
Analytical and experimental studies of the velocity field and soil fabric
in clay soil exposed to dynamic loads are summarized. A general method is
discussed for processing mobility related environmental information and for
mapping vehicle performance by computer methods. A concept is introduced for
testing vehicles in relation to the total environment in order to define the

vehicle performance envelope.

Also a method is introduced for displaying potential vehicle perform-
ance in selected geographic areas and for producing '"testable' specifications
for off-road vehicles. Engineering studies of an off-road driving simulator
for synthesizing dynamic visual displays and vehicle motion in the laboratory
are reviewed,

Recommendations pertaining to future off-road mobility research and

engineering studies are presented.

Volume Il contains Appendices that complement the material presented
in Volume I.
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Appendix A: VEHICLE DYNAMICS MODEL FORMULATION

This appendix is composed of two major parts. The first part
contains a listing of symbols and a definition of major coordinate systems
used in formulating the model.

The second part includes general six degree of freedom equations for
a vehicle with a rigid hull and the equations for transforming from an
earth-fixed coordinate system to a hull-fixed system. Also included are
the equations delimited to five degrees of freedom for the hull, as they have
been used in modeling a 4x4 vehicle with two solid axles. Finally, the
equations are presented which were used in the model to represent the sus-

pensions, drive system, and wheel-ground interface.

Definitiun of Coordinate Systems and Nomenclature

Figure A-1 illustrates the two primary coordinate systems used in
the VDM. The XYZ system is earth-fixed; the xyz system is hull-fixed, with
origin at the hull center of gravity. Positive directions for X,Y,Z; X,¥,2;
translational velocity u, v, w; components and rotational velocity components

P, 9, r are indicated by arrowheads in Figure A-l.
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ci

ei

Nomenclature *

Components of absoulte accelerations in hull-fixed

axis system,

Components of absolute acceleration of the axle
center parallel to hull-fixed axes.

Conponents of absolute acceleration of any point P on
the vehicle in hull-fixed axis system.

Viscous damping coefficient associated with suspension,

for smsll rates.

Viscous damping coefficient associated with suspension

when compressing at high rates.

Viscous damping coefficient associated with suspension

when extending at high rates.

Viscous damping force associated with suspension.

Terrain elevation at point X,Y (positive downward).

Components of wheel-hub forces in hull-fixed axis

system.

Roll, pitch, yaw moments of inertia of hull about
hull-fixed axes.

* NOTE: Subscript i=1,2,3,4 refers to wheel or associated suspension.
Subscript ij=(1,2); (3,4) refers to axle connecting ith and jth wheels.
Superscript dot (‘) indicates differentiation with respect to time.
Superscript bar (°) indicates a vector; all distances are treated herein
as vector components.

A-3 VJ-2330-G-3



IXZ

Lijir Yyiye laij

I .
wi

ei
ci
wi
yi

m, .
3

M

Hull roll-yaw product of inertia.
Axle-wheel assembly roll, pitch, yaw moments of
inertia about axes parallel to the hull-fixed system

but with origin displaced to axle cg.

Effective spin moment of inertia of wheel (plus half

an axle).

Moment of inertia of the engine and transmission

input shaft.

Force associated with suspension spring and bumpstop.

Constant in drive torque representation.

Spring constant of suspension spring.

Spring constant of bumpstop in extension direction.

Spring constant of bumpstop in compression direction.

Tire spring constant.

Coefficient of tire side force.

Effective mass of axle-wheel assembly and part of

suspension,

Total mass of hull plus payload.

Components in hull-fixed axes of total moment acting
on hull.

A-4 VJ-2330-G-3



M

Myi

Mei

wi

P, qQ, T

ij

zi

S .
xij

S ..
yij

Total output torque from engine.

Drive torque exerted by engine on wheel.

Total gear ratio (transmission and transfer case)

between engine and wheels.

Rotational velocity of wheel--rpm.

Break point in engine torque vs. wheel speed curve.

Force component at wheel-ground contact, normal to

ground.

Roll, pitch, yaw angular velocities of hull about hull-

fixed x,y,z axes respectively.

Component of roll angular velocity of axle about axis
through axle cg parallel to hull-fixed x axis.

Undeflected radius of wheel.

Rolling radius of wheel.

z component of total force transmitted by suspension.

x and y components of force transmitted to hull from
axle.

Slip ratio.

Thrust component at wheel-ground contact, tangential
to ground profile in plane of wheel.

A-5 VJ-2330-G-3



Matrix transformation from earth-fixed to hull-fixed

reference frame.

Matrix transformation from axle-fixed to hull-fixed

reference frame.

Components of hull cg absolute velocity in hull-fixed

axis system.

Hull cg velocity.

Components of gross weight of hull in hull-fixed axis

system,

Components of effective weight of axle, wheel, and part
of associated suspension, in axes parallel to hull-fixed
axes, with origin displaced to axle center.

Coordinates of the axle cg in hull-fixed system,

Coordinates of suspension attachment point of axle and

hull, in hull-fixed system

Coordinates of hull cg in earth-fixed reference system.

Velocity components in earth-fixed system of effective

ground contact points.

Velocity component of effective ground contact point in

direction of terrain slope.
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N

ij

6,4

Coordinate in hull-fixed system of axle center when

springs are unloaded.

Slope of terrain in plane of wheel.

Slip angle of wheel.

Displacement of suspension attachment point at axle,
measured from reference position iij along body-fixed

z axis.

Breakpoint of spring rate curve in extension direction.
Breakpoint of spring rate curve in extension direction.
Breakpoint of damping force curve in extending direction.
Breakpoint of damping force curve in compressing direction.

Deflection of tire at effective contact point.

Coefficient of rolling friction, often referred to as

normalized tractive force.

Yaw pitch, roll angles of hull (sequence of rotations
in order of their occurrence).

Roll angle of axle relative to hull, about an axis passing

through axle cg and parallel to hull-fixed x axis.
Coefficient of rolling resistance.
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N

Side force component at ground contact point.

Rotational velocity of the wheel about its axle.
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Vehicle Dynamics Model Equations Formulation

Physical equations which describe the general structure of the VDM
are formulated in the following paragraphs. A detailed development of the
mechanization equations may be found in Reference Al.

The equations presented here are listed in two different ways.
Equations incorporated in the model are assigned numerals preceded by letters;
the letters H,S,A,D, and T indicate in which of the five major modules each
equation is used: hull, suspension, axle-wheel assembly, drive system, and
terrain interface respectively. Equations used only in derivations (usually
more general in form than those mechanized) are designated by numerals alone.

Transformations Among Coordinate Systems - Transformation equations

representing relative rotation of coordinate systems are written in terms of
conventional Euler angles. The sequence of rotations is yaw ¢ , pitch € ,
and roll ¢ .

The matrix W transforms a vector from the earth-fixed XYZ system to
the hull-fixed xyz system, e.g.:

x
y| = (&Y )
z A

—cas gcosé Sin ¢ cos O -$in & ]

oS 9n Osin® ScnpsinBsind

where [U.] ~Stn Yecos ¢ +cos¢y cos ¢ o CR G )

cos ¥ sin@ cosp siny sinB cos @

; cos Bcos
| +sinpsin f ~casy cos ¢ ¢
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~

Since the matrix is orthogonal, its transpose Z equals its inverse,
so that, # can be used to transform vectors from the xyz system into
the XYZ system:

=ladly (3)

N

i cosysin 8 cos | osd |
2 o ’W in Esin @ c{'o‘tn.éc s @
-Scnpcos P +Snf Send
i = . Sen ; ) ey n&cos 4
g cos & Wsin Bsen P n f Sen . osyg (4)
rcas@p cos -cos Y sen P
-sen 6 cos B sin P cos 6 cos ¢

The Euler angles are expressed in terms of roll velocity p, pitch

velocity q, and yaw velocity r:

p = 5ec9(g5:'n¢+rco.s¢) (5)
6 = g cos @ -rsing (6)
d =p+tan6 (gsinp +rcos ) \7)

In the present five degrez of freedom model where ¢ =0, [2] reduces to:

cos & 0 -5cné
Uz | $nBsing cos P cos Osung (H1)
sin 6 cos ¢ -cos & cosBcos g

A-10 VJ-2330-G~3



and {4] reduces to the transpose of [H1]:

[cos 6 5en6 send  sun 6 cos @ h

cos @ -cos ¢ (H2)

N
]
o

-5in8  cos@send cosOcosd |

Also,since r=o0 (6 and 7) reduce to:
6 « gcos (H3)

¢. = f+¢£4n65¢n¢ (H4)

and since ¢y is assumed to be very small, monitoring Equation S is not

required.

In addition to the two major coordinate systems, two others are used,
one associated with each axle. These axes are free to roll through an angle
¢,. with respect to the hull. The matrix T, which transforms a vector

from an axle-fixed axis system into the hull-fixed frame is:

[ 0 0
75| 0 cosg,; -sen @ (A1)
0 sin @, cos @, |

and since this is again an orthogonal transformation, vectors may be trans-
formed from hull-fixed to axle-fixed references by the transpose:

zZ) - T (A2)

4

A-11 VJ-2330-G-3



The components of absolute acceleration Ugp, @, @z, in the

hull-fixed axis system for any point P on the vehicle are:

a d,-o-gw'- re o« Z{Z'P; - g'pr) - .zp(9'+r‘) +g,(p¢-i)+z,(pn¢')+§, (8)

2y,

@, = Vrru-pw+ 2(zpr - £, )t 2o (pg+7) -yn (pi+ri)e zolar-p)vge  (9)

@z, = wrpr-gu+ 2(gop-2pg)+zp (pr-¢)+y9p (?r*k)‘zp{pz*?z)*ip (10)

Hull Motions - Translational motion of the hull is solved from
Newton's equations with vector components expressed in the hull-fixed xy:z
axis systenm.
_ 4 _ 34 _
Ma =W+l 5+ L S, (115)
Y ¢y =12

where 5, is the force transmitted (z direction only) through the ith suspen-
sion to the hull and 3;-/- is the vector sum of the y and z components
transmitted through the wcightless column from the ijth axle (sce Figure A-2).
The weight components W, Wy and W, in the hull-fixed axis system are
computed from:

(] ’
w,| = |u||lo (1i6)
W, w

A-12 VJ-2330-G-3



(typical for
all wheels)

Ny
Figure A2 FREE BODY DIAGRAM (REAR VIEW)

A-13 VJ-2330-G-3




The hull rotational motion is solved from Euler's equations with

vector components again expressed in the hull-fixed system.*

Lp= M L. P (H7)
Z,4 = mM+I,,p" (H8)

The moments A7, and ﬁ@" acting on the hull are found from:

4 £l
= Z: 52[. 554' '”Z 594'4. Z‘J (HQ)
¢! ¢j 12
4 34
My B Se et 2 (S it My o5ty My sinfly ) (H10)
¢ = J =

where the moments transmitted from the axle to the hull by the weightless

columns are found from.:

Ao o= —

LAY )

M;a'j = P‘Jg( X gq) (H12)
The hull-fixed velocity components of the hull cg are determined by

integrating the following equations which are the delimited version of [8-10]

applied to the cg.

*
These equations assume symmetry with respect to the £z plane(I,, gz~ 90)

and also that r=-¢ . The more general version from which they were
derived is not presented here.

L8

M, is not computed at the present stage of modeling because yaw

motion is not included in the five degree of freedom model.
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w = a, +wg (H13)
v = a, +wp (H14)
W e a; + wg-vp (H15)

The u, v, w velocity components are then transformed back into earth
fixed components ).(, Y, Z through the £ matrix. Then the ground speed | VI

of the vehicle is computed from the expression:

vy = Xcos® + Zsin 6

The Y (side velocity) contribution to |V| has been negligible in the non-

steer problems which have been studied to date.

Axle Motions - In the present model the axles are visualized as
attached to the hull in a manner that permits them three degrees of freedom
with respect to the hull: (1) motion in the z-direction by means of sliding
of the weightless columns, which were discussed in Section 3.2.1.1. (2) roll
through an angle QJ relative to the hull, by means of rotation about the
pivot point A at the axle center (see Figure A-2) and (3) axle-wheel rotation
about the axle axis. Thus, it is assumed that the suspensions are essentially
rigid, except in the z direction. The x and y components of the axle-center
accelerations can therefore be calculated from the following simplified versions

of the kinematic equations (8) and (9):

- ° 2
@ T Ayt 29z, 297 2,9 (A3)

o P SR Ad
24/ 2, z/"zt_/ "’&,/’? 2P (A4)
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Since the axles have freedom of motion with respect to the hull in the z
direction, the axle centers' z acceleration components must be computed from

the dynamic equations:

7y %z, ¢ Wn’j + Hyo * Htj "S5z =S (AS)

where the H force components are exerted on the axle by the hubs, the S force
components are exerted on the axle by the suspensions, and the axle weight

component M, - is found from:

e I 5 T
zey
s | = |7 || @ (A6)
W L Ay

The z velocity and displacement component of the axle centers may then be
computed by integrating the following version of (10):

zu T Ay, T 4, +xLJ7. MR (P'*ft) (A7)

The relative roll motion of the axles with respect to the hull is
found from:

J
I‘if Py 2*2. ('szlx Ysk ¥ T2k Yk ~T & "k) (A8)
e

where o7, is the side slip force component on the kth wheel.
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Since the suspensions have been assumed rigid except in the z

direction:
%y < 4
rgj = r-c 0

Figure A-3 AXLE-HULL GEOMETRY
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Suspension System - From this point on, the equations are directed
specifically to a 4x4, two solid axle vehicle. Each of the four suspensions

consists of a multi-leaf spring, a shock absorber and a hard rubber bump stop

(Figure A-4). In the simulation, this system has been approximated by the com-

bination of a nonlinear frictionless soring* and a nonlinear viscous damper.**

~—— WHEEL

Figure A-4 SUSPENSION SYSTEM (REAR VIEW)

*
The spring is represented by linear segments as shown in Figure A-S5.

*k
Coulomb friction, if found to be of significant magnitude, will be introduced
as an additional nonlinear term.
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The z force components S, transmitted by the suspension are

therefore computed in two parts:

sZt. & KL % 51.

where &, is the force associated with the ith spring and 8, with the
ith damper.

In the region of small deflection each spring is for the present
treated as linear, with stiffness ki’ until compressed to the point where
the bump stop is contacted {Figure A-5). At this point the stiffness increases
abruptly to kci' In the extension direction, allowance is made for another

abrupt increase in stiffness to a value kei'

Ki
x-AX1S \
HULL cg Zj
EXTENS | ON
BUMPSTOP
STATIC POSITION
(VARIES WITH LOAD)
5ci
POSITIVE
* Sai FoR EXTENS [N
sﬁ
COMPRESS |ON
BUMPSTOP
~4- COMPRESS | ON 3 EXTENS |ON —=
Vd

REFERENCE POSITION
(ZERO TENSION)

Figure A-5 SPRING FORCE vs. DEFLECTION

A-19 VJ-2330-G-3



The spring force is thus found from:

<2 s kc' é\ai * ket' {da.i ’5“') 5¢¢.’ = 64"
=k 6‘4‘. Sc‘ < Jai < 8“' (81)
= ki by + key (84 = Jp; ) da. < Sc[

where all the J's are positive downward (for spring extension).

Spring extensions are computed from:
6;4 - (Z‘J - Z‘J ) -+ y-’l: ¢‘J (SZ)
The shock absorber characteristics as modeled are shown in

Fig. A-6. The steep slope in the low force region accounts for blow off

and creep effects.

44-80i

(3

BLOW OFF

«———— COMPRESS ING EXTEND ING ———
Figure A-6 DAMPING FORCE vs. COMPRESSING/EXTENDING RATE
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Damping for Bi is thus computed in the three regions from:

8, = &4, éu' + by, (6:43 'éu') 8.“' “ &M. (53)
= b, d'¢" sci <8 < J‘.‘-
bdar b (e hi) i,

and the rate of extension 3;; is found from:

Sai &t Ysi By (s4)

The x and y components of forces transmitted to the hull are
found from:
Sx

GoS Waij *Hai t Hxg mmij e (S5)

S, = w..+//w.+H--m‘-J-a. (S6)

vy yéj (7 Yoy

Drive System - The schematic diagram (Figure A-7) shows how the driver

inputs interact with the mechanical system to produce the torque at the wheels.

In the simulation the power output of the engine is treated as a
constant, independent of speed, for n, > n, . This is seen from Figure A-8
to be a reasonable approximation. As a result of this approximation, it is
possible to develop a simple relationship for axle drive torque M - Since

horsepower hp is proportion to the product of drive torque and wheel angular
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DRIVER

I ™ormors i _{E—m_ position!
INPUTS | oot pressur V rottle posi |‘onl

engine rotational
velocity

P — —— = e e e =

MASTER CYLIMDER

CLUTCH
A

brakeline pressure

engine | torque

) Y L — JTRANSM 1,5 10N
FRONT WHEEL REAR WHEEL
BRAKES BRAKES
1| TRANSFER CASE |——f»— TOTAL
l GEAR
+ * REDUCTION
FRONT AX.E REAR AXLE
DIFFERENTIAL DIFFERENTIAL
- |
I" > e |
OUTPUTS braké | toreme drive torque
} . - |
L S |
Y Y A
FRONT REAR
WHEELS WHEELS
: : wheel rotational velocity

WHEEL TERRAIN INTERACTION

Figure A-7 BLOCK DIAGRAM OF DRIVE SYSTEM
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40

ENGINE POWER hp

—
Py
~

e
-

ol
0 200 400

ROTATIONAL SPEED OF DRIVE WHEELS

n, rem

>
x
-

Figure A-8 ENGINE POWER vs. SPEED

velocity n, (in RPM):

hp = ~m™M . .p; (Dl)

€y wr

and since hp is assumed constant:

k »
Gt'_/' Z: (nw 2 nur ) (DZ)

where the constant k accounts for the conversion of units as well as
the division of drive torque between the two axles. At very low wheel

speeds (less than nw') it is assumed that maximum drive torque is
applied :

Mei) = Melsmax (N < ng) (03)
These approximations are further borne out by Figure A-9, which shows a plot
of the net torque delivered by the Kaiser-Jeep engine for all forw-r. jears,
with the transfer case set in low. The broken line envelope shows how the
model approximates the drive torque at full throttle. The model is thus

representative of an ideal driver who shifts gears in an optimum manner.
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1st GEAR

4000

/,—\\\q,_—an
2000 - \

DRIVE TORQUE /AXLE M ; ft-1b

rpm

Figure A-9 ROTATIONAL SPEED OF DRIVE WHEELS

Drive torque at partial throttle is assumed to be proportional to
throttle position, i.e. at a given rpm of the drive wheels, full throttle
torque is multiplied by the fraction of full throttle opening to obtain
partial throttle drive torque. The braking torque of the engine occurs only
at zero throttle and it is represented as a fixed percentage of the full
throttle driving torque at a given rpm. Since the transfer case has no dif-
ferential, the rotational speed of the front and rear drive shafts are the
same. For the present, the differentials in front and rear axle have been

neglected, i.e., all wheels rotate at the same speed.
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The torque equation is:
M =X (1'“". WHT; vy = p N n" T (D4)
where
Me is the total transmitted engine torque,
w 1is the rotational velocity of wheels and axle shafts,
p is the rolling resistance coefficient, and

7, is the rolling radius of the ith wheel.

Engine and transmission inertias have not yet been incorporated into the

actual mechanization.

Terrain Interface - The wheel-ground interactions are implemented

in the present VDM using the wheel-terrain representation shown in Figure 8

of Section 3.2.1.2. This model has been adequate for treating the profiles of
rigid, undulating terrain. The more complex model shown in Figure 9 of the
same section will be introduced when required in future studies of traversing
sharp, rigid obstacles. Thus, the present simulation of the wheel-ground
interaction is based on the force components Ti’ o and Ni as illustrated in
Figure A-2,

The force component Ni normal to the ground profile, under the i th
wheel and in the plane of the wheel, is found from:

N, =k Sus 8, < O
=0 by > O [T1)
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where &,  is tire deflection and kwi tire spring rate, and &, > ¢ represents
loss of ground contact. Tire deflection in turn is computed from the following
geometric relation based on cg vertical coordinate Z and on local terrain
elevation hi at each wheel.

4 . .
S = s (h‘- ~Z+x;5cn6 - y,cos@scnP -z, cos &cos ¢)-ro (T2]

where @ is the ground slope under the ith wheel and in the plane of the

wheel. Derivation of this expression is presented in Reference Al.
The traction force Ti is then computed as the product of the slip
dependent coefficient of tractionu(s)with the normal force Ny

The coefficient . , also referred to as normalized tractive force, is
approximated as shown in Figure A-10.

L .0 EXPER IMENTAL

= p— f/

s

5 0.8 MODE LED

po

(V'

S 0.6

[

b 4

w

o 0.4

w

(7'

=

S 0.2

L 1 1

-0.2 0 0.2 0.4 0.6 0.8 1.0
SLIP s

Figure A-10 COEFFICIENT OF FRICTION vs. SLIP
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The slip is computed from

row - Xri (T4)
rew

S =

where )'(r‘- is the tangential component in earth-fixed axes of the velocity
of the effective ground contact point,

The side force o7 at the tire-ground interface is calculated from

a simplified linear relationship between slip angle B, and elastic force Ni'

ey "yé A N (T5)

é

where & is a coefficient of tire side force. Slip angle 4, is computed

3
from

Y.
B, = arc tan ;(—‘- (T6)
é

where )'(‘- and )f are the velocity components of the effective ground
contact point in the earth fixed system.

Finally, the components in the hull-fixed system # Hq‘- y My,
of the forces transmitted to the wheel hub are found from:
Hy;i = T; cos (9’@;) =W, Sen (9-6&;) (T7)
)= . T8
Hy‘ = 9 (8)
Hei = Nycos(-a;)+ T sun (6-a, ) (19)
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Appendix B:

TABULATED SUMMARIES OF VEHICLE
TRAFFICABILITY DATA
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Table B-3

SUMMARY OF FULL SCALE VEHICLE GRADEABILITY FIELD TESTS

PREDICTION 5 A A Y 2
THEORY NO. OF nmor(—) 72)““560 G)+ﬁ%)
EXERCISE | SOIL USED VEHICLES | TESTS {\ M ] M/ I\m
SWAMP FOX 11| CLAY-| STD WES CONE N w 1" -0.45 | 0.52 | -1.87| -0.08 0.69
EXERCISE LOAM | INDEX
PANAMA
|2T |2 '0.33 0029 '0092 *0031 0.“8
AVERAGE 23 TESTS -0.42 | 0.42 0.60
BEKKER/LLL "N w 7 |-0.08]0.13 |-0.21{+0.07 0.1%
SHEARGRAPH
137 13 |+0.02 |0.17 |-0.29]+0.25 0.17
Y | AVERAGE 20 TESTS -0.01 | 0.15 0.16
T - TRACKED W - WHEELED
B-S VJ-2330-G-3
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Appendix C: FULL SCALE TEST AND EVALUATION PRACTICE STUDY - DISCUSSIONS OF
CONCLUSIONS AND RECOMMENDATIONS

Conclusions Drawn From A Literature Survey*

The literature pertaining to off-road mobility test and evaluation
practice which has been surveyed has led to six specific conclusions. These

are listed and discussed below.

1. Many recognized authorities are in agreement that current
practice in the mobility testing and evaluation of off-road
vehicles is unsatisfactory. Opinions vary as to what

constitutes '"'unsatisfactory".

C. J. Nuttall, a recognized authority in off-road mobility, has much
to say about the QMR process in his "Ground-Crawling: 1966", & (pp. 133-141).
He insists that specifications must be ''testable'" to be valid and satisfactory.
He says, ''to be testable, not only must the performance be called out in
measurable, engineering terms, but the relevant terrain conditions must also
be specified, again in measurable engineering terms. And most important,
and difficult, the specifications must give the minimum performance require-

ments which will satisfactorily do the job where it must be done."

Efforts to 'quantify the qualitative" have been going on for the past
twenty-three years by such agencies as Waterways Experiment Station (WES),
U.S. Army Test and Evaluation Command (TECOM), U.S. Army Tank-Automotive
Center (TACOM), Institute for Defense Analyses (IDA), WNRE, Inc., commercial

*
References C19-C42 were reviewed during the course of the survey but are
not cited in the text.

C-1 VJ-2330-G-3



automotive companies as well as universities, and the Society of Automotive
Engineers (SAE). While progress has been made, we do not find that the Bekker
Soil Value System is accepted as a basis for testing by all concerned. Neither
has the Waturways Experiment Station approach been integrated into standard
test practice nor been resolved with the Bekker approach. Even though Ordnance
Proof Manual 60-85, dated 15 August 1957, provides for taking Bekker and WES
soil measurements during vehicle tests on soil, this OPM is not referenced in
specific test procedures where mobility tests are specified. Current conversion
of OPM's to Test and Evaluation Command Procedures (TECP) should provide an

opportunity to rectify this deficiency.

A. W. Jones, c2 decries his findings in checking performance tests of
the M113. He notes that most tests were conducted on hard surfaces and that
where off-road tests were conducted, vague terms such as 'dry snow, river
bank, muskeg, or wet muskeg', were used to describe the environment. His
report of observations of field tests in Thailand & is also quite critical

of the test methods and the manner in which they were performed.

R. A. Liston, of TACOM, concludes in a 1966 report CA, the "data from
a limited number of vehicle tests conducted in srow indicate that the drawbar-
pull to weight ratio is a relatively insensitive measure of off-the-road
vehicle performance.” He also points out the failure by others in tests on
soft soil to correlate DP/W with time required to complete a test course in a
field exercise, though DP/W has long been a recognized vehicle evaluation
parameter. See also Reference C5 where drawbar pull wasn't as important to

overriding vegetation as were vehicle shape and dimensions.

Test facilities under TECOM at Aberdeen,c6 Yuma ¢7 and Ft. Greely
are primarily designed to measure performance other than the ability to
negotiate off-road terrain, at least in a quantitative sense. There are
either discrete obstacles (all on firm terrain), a mud "hole", or 'cross-
country courses''. There is no disagreement here with endurance, reliability,

maintainability and service testing. The approach to testing the ability of
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a vehicle to negotiate off-road terrain, however, is questioned. The ability
of a vehicle to negotiate most fixed obstacles on firm terrain can be
determined from geometrical and power parameters. The ability to negotiate
the same obstacles -- or combinations of obstacles -- on other than firm
terrain is the real problem, and is more representative of actual field
conditions. Where this is attempted (as on cross-country courses), the
environmental descriptors and vehicle performance parameters are usually given

in qualitative rather than quantitative terms.

2. Specific programs that have been proposed at the conclusion
of extensive projects have either not been acted upon (to our

knowledge) or are slow in being implemented and reported upon.

In a Project MERS report, '"Research Plan for Development of a
Quantitative Cross-Country Mobility Prediction System'", c8 it is indicated
that a comprehensive and well-planned effort was initiated, but never com-
pleted. Provision was made to deal with the major environmental obstacles
encountered and to obtain quantitative data for the first time. Preliminary
tests on firm ground were encouraging, but the project was terminated before

all the obstacles and soft soil conditions could be investigated.

Nuttall's excellent review ¢l contains many suggestions and recom-
mendations which--to our knowledge--have neither been acted upon, followed up,
nor expanded upon.

Vicksburg Mobility Exercise A 9, C10

represents another important
project. This project is distinguished by the fact that the list of those
involved in it is a '"Who's Who" of off-road mobility. This is quite
encouraging since it indicates a physical convergence of recognized authori-
ties which can potentially lead to a resolution of divergent philosophies and

opinions.
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However, even in this latest project one wonders if the stated general
purpose of the exercise will be terminated once the principal specific purpose
is achieved. ''The general purpose of the exercise was to consider quantitatively
the various elements of the entire mobility problem and to suggest an approach
to achieve a substantial degree of solution...the principal specific purpose
was to design a number of vehicle test bed concepts that would be capable of
operating in remote areas of the world where extremely soft-soil conditions
predominate, and to develop a test program for these vehicles.'" The test
program alluded to is in two parts. The first part is quite modest, aimed
only at Go/No-Go, maneuver tests, speed tests, and drawbar-pull tests. Soil
classification, strength, moisture, density, and profile will be '"collected"
and "measured', though control of these factors is not mentioned. The
second part of the testing program which, it is stated, "if implemented, would
be a major step toward developing ultimate means of assessing the apparent
mobility of vehicles in more complex terrains', bears a remarkable resemblance

to the tests proposed in Project MERS three years before and never carried out.

3. A communications gap exists between the theorists and/or

experimenters and the volume testers and/or users.

This situation is not peculiar to off-road mobility, but is found--
and probably always will be in varying degrees--in all lines of endeavor. In
the off-road mobility area this gap appears to be a chicken and egg proposition.
In the absence of a general unifying theory, the theorists are divided within
their own ranks in regard to which theory to follow or how to resolve the
differences in the theories extant. Field tests conducted thus far still result
in large differences between predicted and observed results.* Furthermore,
many more extensive projects that the theorists and experimenters have proposed
have not been carried out to their final conclusion. Consequently, they feel
helpless to advise the volume testers and users how they should proceed to

improve their testing C1, €z, c4, C5, CS.

*
This topic has been treated in some detail in the section 3.2.2.
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The volume testers and/or users, on the other hand, are continually
presented with vehicles that must be tested and used. Since they receive
what they consider little credible guidance from the theorists, they have no
alternative but to design and conduct their own tests in a manner which is
"practical" and which will handle the volume of vehicles to be tested expedi-
tiously, but fails to generate data of the type and precision which might be

of help to the theorists C6’C7.

4. Testing by the "experimenters' suffers from diversification
of effort, "special case'" testing, and too little concrete

data upon which to confirm results.

Diversification of effort can take several forms. One is the human
desire to prove that the theory one espouses is correct and to direct work
only in this direction. Consequently, there are as many potential directions
of effort as there are theories. Another form results from directives from
higher authority. The military situation is dynamic and under pressure.

The visit of a very important person to a test site can result in a sudden
diversion of priority that can delay, if not reorient, the direction of a
formerly controlled course of action. Yet another form is the desire to
evaluate a new component or field expedient which doesn't advance the state-

of-the-art, but may provide something '"a little better'.

Since the experimenter must keep within the funding allowed for his
project, he must frequently run fewer tests than are statistically required
to validate his hypotheses. In this area in particular, "error variances'
are known to be high, and significant differences can be detected under these
conditions only by increasing the number of tests. Hence, many reports are
terminated by "indications' rather than firm conclusions. Also, field data
are frequently useless because there are either gaps in the data or the
environmental conditions under which the tests were conducted were not measured.
Even where experimenters are present during field mobility exercises, they
are frequently not given enough time to make the measurements they require for

a complete picture cs, C11, C12, Q13
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5. Testing by "volume testers' suffers from poor definition
of the environmental profile for which the vehicle is

intended.

Part of this situation is due to the lack of ''testahle specifications"
which have been discussed under the first conclusion. Except for 'fixed
obstacles' as at Aberdeen, environmental descriptors and vehicular performance
are generally expressed in qualitative rather than quantitative terms. We
quote, for example, from Reference Cll: "This study is based on the results
of three years of field tests in Thailand. No attempt has been made to equate
the results with theoretical mobility formulas.'" This report covers 13
vehicles, took three years to perform, was conducted in the field, yet
contributed little to the state-of-the-art knowledge in the sense of resolving

theory with practice.

Another aspec: of this problem is typified in Reference Cl4. The
purpose of this program was to conduct a series of tests in paddy fields
and on roads. The results are couched in terms of the types of obstacles
which were surmounted, either not at all, or with "most'", '"increasing' and
"least' difficulty. Quantitative data reported were ambient temperature,
relative humidity, barometric pressure, time of day, times to traverse three
of the six courses, and average speed. Ccne index data were also given, and
three replications of the courses were made. This report is characterized
by some irrelevant data and some good data and test practice. Illowever,
judgements by which the final conclusions and recommendations were arrived at
were qualitative rather than quantitative. Other test programs on specific
vehicles or groups of vehicles in specialized environments have shown

various degrees of achievement, in terms of useful results Cdp Bl (Gl (Bl ClS'

C-6 VJ-2330-G-3



Recommendations for Improvement of Test Practices

Studies of methods by which test practices might be improved have

resulted in six recommendations which are discussed below.
1, Standardize Current Test Methods and Practices

The only comprehensive body of published test procedures that
was found in the literature search was Ordrance Proof Manual, Vol. II,

Cl6. Since the U.S. Army Test and Evaluation Command

Automotive Testing
assumed the function upon its organization in 1962, it has been republishing
these "OPM's" under the new name of TECP 700-700 series. Under this
terminology they are called "U.S. Army Test and Evaluation Command Materiel
Test Procedures'". It is our understanding that MTP's are being prepared

at 14 different TECOM facilities. They are then forwarded for review and

editing to the Test Analysis and Operations Office at TECOM Headquarters.

It is recommended that during this revision process those tests
relevant to mobility be sub-grouped under a '"Mobility" heading to emphasize
this aspect of testing as opposed to engineering and endurance tests, even

though both may be ’conducted simultaneously.

1t is also recommended that other agencies conducting '"mobility"
tests be directed to do so in accordance with the appropriate TECP or that
any new test requirement follow the TECP format and be coordinated with
TECOM. In this manner TECOM would be the central repository for all vehicle
test methods, would be aware of all new developments, and could maximize

control of standard tests.
Finally, test requirements in Army Regulations and in vehicle MIL-C

and MIL-T specifications should reference TECP methods or be consistent with
them.
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A word about SAE J939, '"Recommended Practice on Off-Road Vehicle
Mobility Evaluation" S is in order here. The chief value of SAE J939 is
that it officially presents to civilian industry under the sponsorship of a
civilian engineering society a limited number of individual test procedures
that have been standard procedures in the military for a long time. Practically
all seven vehicle performance tests and all seven soil tests in SAE J939 can be
found in OPM's dating back as much as ten years. It is stated that, 'the
tests and test procedures described attempt to indicate the major elements
comprising an evaluation of off-road performance'. The careful wording
certainly leaves room [(ur the inclusion of further '"'major elements' such as
standard obstacles, center of gravity determination, braking, steering,
gradeabijlity and side slope performance, fording, etc. which have also been

in OPM's for a long time.

e Specify Environmental Profile for Vehicles

QMR's should specify in as mich quantitative detail as possible the
environmental parameters and their limits which the vehicle is to be designed
to meet as well as the level of performance expected, since these will be the
basis for future test methods. Perhaps a ''check list'" of environmental
descriptors should be furnished those who prepare QMR's to help them in
selecting appropriate descriptors, to insure that applicable ones are not
inadvertently left out, and to standardize the method and terminology of

presenting them in QMR's.

3. Generate Reliable Environmental Data lluring Testing

The results of a vehicle test are the vehicle responses that result
from the interaction between vehicle characteristics and environmental para-
meters, as modified by driver influence. Generally speaking, many of the
vehicle characteristics are known prior to a test. Driver influence, if
not weil known in a specific case, is potentially controllable through
selection and rotation of drivers. Environmental parameters, howeve», are
generally the least known and the paucity of reliable environmental data in
conjunction with vehicle testing is the chief despair of the "experimenters"

and a major roadblock to progress in the field of off-road mobility. Much
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money is invested in testing, and the small additional cost entailed in
obtaining sufficient reliable data would more than justify the entire test
since it can be used in many more ways long after the specific test has been

completed.

Reliability of data involves several facets. Required instruments
must be available, calibrated, and in good condition. Personnel must be
instructed in their correct use. The location, time, and number of observa-
tions must be specified and provided for in the test procedure. The number
of ob.ervations required of a given characteristic is related to the error
variance of the repeated readings, the difference in the value one wants to
be sure of detecting, and the confidence level with which one wants to detect
it. Statistical assistance should be sought in planning for data reliability.

4, Reduce the subjectiveness of Mobility Reporting

Following is a quote from a typical off-road mobility report: 'The
vehicle operates well off roads, except in heavy, sticky mud. The latter
condition hinders mobility due to mud buildup in and above the tracks. Other-
wise, its agility, maneuverability, and ease of steering and braking are
very good. The ride is bouncy, which is due to the small size of the vehicle.
Size again causes it to be stopped by large holes which larger tracked
vehicles can traverse. Sixty percent longitudinal and 40% side dry dirt
slopes were negotiated without difficulty. Maneuverability in close woods

. w C18
is very good.

Such a report may be informative from a driver's viewpoint, but yields
little quantitative information either in regard to the particular path taken
at the time, or to other areas which may contain "holes, woods, or dirt
slopes' that are not dry. Even without soil property measuring instruments,
one could improve such a report by giving approximate dimensions of holes

that could and could not be traversed; tree diameters and spacing estimates;
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how long it took to traverse, say, 100 ft. of these woods; at what speed the
slopes were nepotiated, etc. The point is, that even where idealized
measurements cannot be taken, reports can be presented in quantitative terms

which are more meaningful and useful.

S. Plan Field Mobility Exercises to Provide Meaningful

Measurements

Many exercises studied in the literature indicate that once a test
program is underway, few environmental measurements are obtained. In
Swamp-Fox I CIZ, for example, only 2-1/2 miles per day were covered, yet
it was stated that there was insufficient time to take cone penetrometer
readings. Firm but slippery slopes were encountercd which slowed down the
vehicles, yet no readings were taken of the soil and moisture conditions on
these slopes. Thie recommendation here is that test plans allow sufficient
time for test personnel to make significant environmental measurements.
Such data will aid materially in bringing theory and practice closer

together.

6. Establish Stream Crossing Test Facilities

This recommendation may be premature in light of the state-of-the-
art of knowledge on the subject. However, strecam crossing and exiting
appear to be a major problem in the field and we find no evidence that
suitable standard test facilities exist for vehicle evaluation, especially
in regard to the problem of exiting onto stream banks. It is, therefore,
recommended that work be initiated to develop such a test facility. Perhaps
an initial effort on a modest scale would consist merely of determining
Go/No-Go or of timing exits from streams onto natural ramps of various per-

cent slopes and a few soil types.
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Appendix D: WATER BALANCE IN S.E. ASIA

Contained in Cornell Aeronautical Laboratory's second semi-annual
technical report on off-road mobility research is a map which delineates
the world-wide regions which exhibit relatively distinct seasonal soil
moisture levels which influence the movement of off-road vehicles.Dl A
similar map of wet season soil strength ranges has been prepared by
Waterways Experiment Station.D2 These maps are of use in strategic
planning. They delineate regions within which vehicles with soft soil
capabilities are needed for some season(s) of the year. When we desire
to ascertain more specifically those months of the year in which soft soil

conditions have a high probability, more detailed analysis is needed.

Presented here is a method by which monthly rainfall in excess
of potential evapotranspiration can be estimated from climatic records
for individual months of the year. The method is demonstrated for
Southeast Asia, although data is available for application to many countries
of the wosid. It can be assumed that where there is an appreciable excess
of precipitation over evapotranspiration, the soils in flat and moderately

sloping topographic positions will present soft soil problems.

Thornthwaite Method

In 1958 a report was published jointly by the Laboratory of
Climatology and the Air Force's Geophysics Research Directorate B which
described and demonstrated a method for converting temperature and precipi-
tation data into ''tractionability" information.

The senior author, C.W. Thornthwaite, had previously done considerable
research in the problem of climatic water balance. He developed a simple
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empirical method for estimating the amount of moisture in soil. Independent
variables used are temperature, precipitation, latitude, time of year,

and water-holding capacity of the soil. The method had wide application in
many parts of the world.

A book of instructions for applying the method, together with tables,
has been published which makes it possible for anyone to apply the Thornthwaite
method 04. Either monthly or daily data can be used. Recently the National
Science Foundation financed a month-by-month tabulation of water balance for

the entire world DS.

Virtually all available and suitable weather records
were used. These tables could provide a valuable input to the study of off-

road mcbility.

Data on water-holding capacity of soils is even less avaiiable than
climatic data. When the Thornthwaite method is used in a small area such as
an irrigation district, the water-holding capacities of the different soils
can be measured. Such capacities vary considerably. The set of tables used
for applying the method makes provision for capacities ranging from 25 to 400 mm
field capacity for the first four feet of soil. In applying the method to
large areas, a field capacity is chosen for the whole area. In the case of
Asia, it is assumed that the field capacity of the soil is 300 mm. No
assumptions are made in this discussion with regard to soil water-holding
capacity. The soft-soil problem is as much one of climate as of soil and
topographic position.

When there is a surplus of water during any particular month, the
soil is wetted from the top down. When there is deficit, the top layers
become dry first except under a forest cover where drying out occurs more

nearly evenly in the entire root zone.
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Application of Thornthwaite Method to S.E. Asia

To demonstrate the applicability of the Thornthwaite method to
monthly assessment of soft-soil conditions, a study was made of data frowm
Southeast Asia. The area included in the study extends from the equator
to 25° north latitude and from 93° to 111° east longitude. Use is made of
a base map from a previous study of Southeast Asian Climatology 06. Countiries
treated are all of Singapore, Malaya, Thailand, Cambodia, Laos, North Vietnanm,
Sovth Vietnam, and part of Burma.

The maps shown in Figure D-1 are made from tabulated water-balance
data of 106 weather stations. Monthly precipitation-evapotranspiraticn data
were recorded on a transparent base superimposed on a map showing station
locations. This transparent overlay was then superimposed on a map showing
elevations, and isolines were drawn with reference to both the plotted data
and the elevations. This resulted in more accurate maps than if strict linear
interpolation had been assumed between stations, but little can be known for
certain about the climate of places not close to and about the same elevation
as a weather station. The Jifficulties of assessing the affects of elevation
on evapotranspiration are quite complex. Temperatures decrease in a predict-
able manner with altitude and therefore potential evapotranspiration does
also. Air mass characteristics and wind direction act to complicate the
distribution of rainfall. Windward slopes are rainier than leeward. Upper
parts of leeward slopes may be nearly as wet as windward ones if the onset
of precipitation produces an unstable condition in the air mass which leads
to convection. Usually, though, in Southeast Asia rainfall increases with
elevation up to near the crests of relatively low mountains and then tapers
off quite rapidly on the lee side. The northeast monsoon which blows on
the east-facing coasts of Vietnam in winter is wet and unstable in its lower
layers only, and, after producing rain along the coast, loses almost all of
its remaining moisture on the first seaward-facing slope. It is believed
that the maps of evanotranspiration are reasonably accurate, in view of the
small amount of data available. Large areas of highland with no weather
stations are probably wetter than indicated. Although such land could be
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expected to have shorter dry seasons and longer wet seasons than nearby
lowlands. the wet and dry seasons would be expected to occur at the same

general me of the year in both types of locations.

Sandoway, Burma at 18o 25'N, 940 28'E receives an average of 1,686
mm (66.4 in.) of rainfall in July, and several stations in Burma and Thailand
receive 2 mm or less during January and February. The station with the highest
average potential evapotranspiration is Monywa, Burma at 21° 55'N, 95° 12'E
with 197 mm (nearly 8 in.) in Mav. By contrast Long Son, North Vietnam at
21° 50'N, 106° 46'E in January has only 26 mm (about 1 in.).

Isolines chosen for representing monthly precipitation minus monthly
evapotranspiration expressed in millimeters of excess or deficit are 1500,
1000, 500, 100, O, -50, -100, and -150. Symbols similar to ''less than"
signs are drawn on the isolines with the points toward the drier side. The
zero line is drawn through places where rainfall is equal to potential
evaputranspiration. Soils in a high topographic position are expected to
have a water content at or near field capacity during most of the month if
the previous month has been wet. llow deeply into the ground this condition
persists will depend on the water balance history for the months immediately
preceding the month for which the map is drawn. Soil in a low topographic
position could be expected to have a water content between field capacity

and complete saturation. Not much water, if any, is added to local streams.

The -50 isoline indicates sub-humid conditions. Only immediately
after rains would the top layers of upland soils have moisture up to field
capacity. In the same upland sites sub-soil would become progressively
drier during the month. Continuously wet soils would be confined to poorly
drained spots. Streams flowing through a large area of water deficiency would
lose water both through evaporation and seepage. The -100 and -150 isolines
represent arid conditions and seldom,if ever,occur unless the previous month

or months had been dry also. Stream channels would usually be empty unless

D-1¢8 VJ-2330-G-3



supplied from wetter areas up stream, and soft soils would be difficult to

find except in the lowest parts of alluvial areas near such streams.

The 100-isoline condition produces generally wet soil conditions
on all types of sites. Immediately after rains, upland soils could bhe
expected to have moisture in excess of field capacity. Time between rains
would be short enough to prevent the top layers from drying much below
field capacity. Soils in low topographic positions would contain more
water than field capacity. Streams would gain water in passing through an
area of 100 mm isoline conditions. In an area with a surplus of 500 mm of water,
11 soils would have water contents of more than field capacity,almost,
if not all the time. Stream run-off during the entire month would be at

levels experienced only rarely during whole months in middle latitudes.

‘The highlights of the monthly patterns of excesses or deficiencies

of mcisture are briefly summarized:

April -- evaporation is high and the 100 mm isoline of excess rain
occurs only in Malaya. Parts of the Vietnams and Laos Highlands have an

excess of less than 100 mm.

May -- the entire west coast from Singapore to East Pakistan, as
well as similarly located parts of Thailand, Cambodia and South Vietnam
facing the Gulf of Thailand have an excess of moisture. The 100 mm isoline
of excess moisturc makes it« appearance in the highlands of the Vietnams and
Burma. Part of interior Burma and Thailand remain dry. Most of the east-
facing coastal lcwlands of Vietnam remain dry also.

June -- the 500 and 1000 mm isolines make their first appearance
along the West Coast of Burma. Malaya is dryer than in the previous months.
The eastward facing coasts of Thailand are in a rain shadow. North Vietnam,
north of 20° north, is all noticeably wetter and the highlands all of the way

from the border with China to the south China Sea have a water excess of well
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over 100 mm. Much of this water flows througin the drv coastal lowlands of
Vietnam producing the somewhat unusual situation of flooded river valleys in

an area where bordering terrain has a deficit of moisture.

July -- the 1500 mm isoline of excess moisture occurs only during
this month on the coast of the Bav of Bengal. For the first time a small
portion of the lowland has a water deficit of over 100 mm. Interior
Thailand and adjoining areas havea greater excess of water overall. Coastal
Vietnam between 19° and 11° north remains in a rain shadow. The highlands
back from the coast are having their wettest season and as the water runs off,

it increases flooding in the strcams which flow cast through drv Vietnam.

August -- the Southwest monsoon has diminished only slightly and

there is very little difference from July.

September -- arcas on the west coast of Malayva have an excess of
500 mm of water and small arcas of penninsular Thailand experience moisture
deficiency. There is no water deficiency in interior Thailand and adjoining
areas., Most of Vietnam has an excess of moisture, most of it well over
100 mm.

October -- the northeastern part of North Vietnam has a small
moisture deficiency. The remainder of the countrv has an excess as does
South Vietnam. A zone of moisture deficiency reappears in Laos and Thailand
and a similar zone is enlarged in Central Burma. Most of the remainder of

the area has a moderate excess of water.

November -- the northeast monsoon is established and the flow is
strong cnough to produce an excess of over 500 mm on parts of the east coast
of Malaya as far south as 5% north latitude. The excess of rainfall between
11° and 19° north in Vietnam is due to the same causc. The wet zone along

the coast in Vietnam is narrowed down considerahly and the interior of the
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area centered un Thailand becomes dry with much of it having a deficit of

more than 50 mm.

December -- the northeast monsoon is in full force. Virtually
every weather station receives less rain than in the previous month. Except
for part of coastal Vietnam, the east coast of peninsular Thailand, and

Malaya, drought prevails. The -100 mm isoline of water deficiency reappears.

January -- drought intensifies and the urcas of moderate water surplus

in Vietnam, Malaya, and Thailand all become smaller.

Februa -- a few places in Vietnam have excess precipitation and
EIOLU ALY p p p

only a small part of the east coast of Malaya has over 100 mm water surplus.

March -- most of Southeast Asia is dry except for parts of Malaya

which experience more excess rainfall than in the previous month.

Factor Analysis of Vietnam Moisture Data

A nortion of the precipitation minus potential evapotranspiration
data, more specifically the data for the 30 weather stations in Vietnam, was

factor analysed on the month-by-month variance-covariance matrix.

The reasons for doing factor analyses are to deduce the dimensionality
of the data, and to try to discover underlying basic patterns in the initial
data, One would expect that some basic patterns exist in P-PE data. For
example, one would expect a pattern that showed the effects of high rainfall
during the wet months, and a pattern indicating the high potential evapo-

transpiration during the hot months, among others.
The reason for using factor analysis to obtain such patterns rather

than just naming them via common knowledge, is that factor analysis

determines patterns that are orthogonal to each other. The advantage of
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orthogonal patterns is that they are non-intecracting or completely independent

of each other.

The original data was arranged in a 30 x 12 matrix which was
premultiplied by its transpose and solved for eigenvectors and eigenvalues.
The methods of computing eigenvectors and eigenvalues will not be discussed
here but the general procedures are given in Reference 7. It was found
that about 97% of the variance of the original data should be explained by
the three eigervectors with the largest eigenvalues. The eigenvectors and
eigenvalues, along with the cumulative variance explained are shown in
Table D-1 and Figure D-2.

Since only three eigenvectors were retained, three coefficients
bl’ b2’ and b3 were determined for each station. These values were plotted
at the proper map locations and anproximate isolines drawn. The results are
contained in Figure D-3. Using the eigenvectors and rcading the proper
coefficients from Figure D-3, excess or deficiencv of moisture (P-PE) can
be calculated for any location in Vietnam for a desired month by using the

formula

P-PE = b1El = b2 hz + b3 hs

A check on the accuracy of the method was done by comparing observed
and calculated values for each of the 30 stations and for cach month. The
root mean square difference between observed and calculated P-PE was about
33 mm of water and when the variance of the calculated and observed values

are compared, about 97% of the variance is explained by the calculations.

The values of P-PE obtained by interpolating values of bl’ bz, and
b3 and using the three eigenvectors seem to be as accurate as those obtained
by interpolating on one of the montnly P-PE maps. The accuracy would be

increased if the density of stations werc higher. The advantage of this
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type of analysis is not increased accuracy (there may be none) but that the

resulting eigenvectors can be examined to discover causes of the pattern

in the original data.*

Table D-1
EIGENVECTORS - EIGENVALUES FOR VIETNAM WATER BALANCE DATA
TS VARIANCE
E/QENYALUE | ACCOUNTEO FOR
JAW | FES | Mam | APR | MAY | sum | JuL | Ave | ser | ocT | wov | DEC X |(CMuLATIVE §
@€ |0.01[-0.05(-0.08 -0.09 | 0.05 | 0.10 | 0.2¢ | 0.2¢ | 0.53 | 0.59 | 0.4% | 0.17f w.0 x 10 0
o
e
€, [0.10] 0.03 | 0.00-0.08 | -0.28 |-0.38 | -0.55 |-0.45 {-0.14 | 0.25 | 0.39 | 0.22]| 3.3 x 10° 9
=
wh
A
G [€y |0.35| 0.0 | 0.50| 0.49 | 0.13 | 0.04| 0.08 | 0.15]-0.11 |-0.10 | 0.22 | 0.32]] 4.8 x 10° 9

* This technique is clearly applicable to other than P-PE data (e.g., surface

temperature, soil strength, etc.)

D-21

VJ-2330-G-3




0 ~—_
-1
[ 1 1 1 ] 1 1 1 | | 1 i i |
0 1 2 3 4 7 8 9 10 1 12
MONTH

Figure D-2 FIRST THREE EIGENVECTORS OF FACTOR ANALYZED WATER BALANCE DATA

D-22 VJ-2330-G-3



Figure D-3(a) COEFFICIENTS (bj) FOR E; EIGENVECTOR
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Figure D-3(b) COEFFICIENTS (bp) FOR E, EIGENVECTOR
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Figure D-3(c) COEFFICIENTS (b3) FOR E3 EIGENVECTOR
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Appendix E: STATISTICAL DISTRIBUTION OF SOIL MOISTURE

In the course of collecting trafficability data on soil in humid
temperate and tropical climates, the staff of the Waterways Experiment
Station made many measurements of soil moisture content. These data can be
used to describe the statistical occurrence of moisture levels in various
soil types and topographic positions. The resultant statistics can be used
as guidelines for deciding upon moisture levels to be used in vehicle
testing programs, and also can be of value in prediction of moisture content

in remote terrains.

The data which has been treated thus far was collected in the United
States £l and in Costa RicaEz. The manner in which the data were presented
dictated somewhat different analyses. The summary tables of the U.S. report
give the average wet season moisture contents of the 6-to 12-inch soil
layers for a large number of soils throughout humid regions of the U.S. In
contrast, the data from Costa Rica were from only five sites, but daily
measurements of soil moisture are given. No attempts were made to record
rainfall at the U.S. sites, whereas daily rainfall measurements were
recorded at the sites in Costa Rica.

In both instances, the moisture contents are reported as percent
of the dry soil weight. As part of their analyses, they also reported
moisture contents at 0.06 atmospheres tension, which can be considered
as field capacity. At field capacity, soils are just able to retain
moisture against the force of gravitation. Soils differ widely in their
capacity to retain moisture; thus a typical sandy loam may contain 15%
moisture and be at 100% field capacity, whereas a silt loam with 15%

moisture would be at approximately 50% field capacity.

To take into account the variable moisture-holding capacity of
the soils, the moisture contents in the WES data were recalculated by

computing the ratio of average wet-seaon moisture content, percent dry
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weight, to the moisture content at field capacity (0.06 atmospheres)

and expressing this ratio as a percent. As an example, for a soil which
has an average wet season moisture content of 25% and a fiecld capacity of
20%, the ratio would be:

Average moisture content, wet season = 25 = 1.25 = 125%
Moisture content at field capacity 20

Analysis of U.S. iata

The si~es upon which the measurements were made wcre categorized by
WES according to many criteria. lhe criteria of interest in the present
analysis were soil type, slope gradient, and topography class. The soils
were grouped according to the Unified Soil Classification System (USCS)
classes. An important distinction to be made is whether the site is in
a low or high topographic position. A high topographic position is one
in which the water table is not within 4 feet of the ground surface any
time of the year; a low topographic site will have a water table within

4 feet of the surface at some time of the year.

Frequency distributions of moisture content as percent of field
capacity were determined for various soil, soil-slope and soil-slope-
topographic class combinations. Surnrisingly, the frequency distributions
were quite similar for the different toils except the sandy ones (SM,

SC, SM-SC) and the organics (OH, OL). Although there werc data on few
slopes greater than 19%, the figures reflected a marked decrease in
average wet-season moisture content on slopes greater than about 19%.
Topographic class (high or low) did result in noticeably different

distributions.

As a result of the preliminary frequency distributions, all the
soils except sandy were considered as one group. The grouping then
included MH, ML, CL, CH and ML-CL soils. Any of these soils occuring

on slopes to 19% were included. The soils were scgregated on the
pes up greg

E-2 VJ-2330-G-3



basis of their occurrence in either high or low topographic positions.

The resultant frequency distributions of the data are shown in
Figures E-1 and E-2. The data were grouped into five-percent intervals
and the midpoints plotted. The groups show a fairly normal distribution.

The means and standard deviations for low and high topography sites are as

follows:
Mean M.C. Stanc . ~d
Topographic Class as % field capacity Deviation
High 90.3% 10.8%
Low 99.4 13.3%

This analysis suggests the spectrum of moisture content in the
six-to-twelve inch soil layers which realistically represent average wet
season conditions for regions with humid temperate climates. Thus tests
conducted on other than sandy or organic soils with moisture contents up
to 140% of field capacity in the six-to twelve-inch layers should cover
over 99% of the average wet season conditions to be encountered in low
topography on 0-19% slopes (average low topography plus three standard
deviations = 99.4% + 3 (13.3) = 139,3%).

Analysis of Costa Rica Data

Because daily rainfall measurements as well as moisture measurements
were made on Costa Rica sites, it was possible to look at the distribution
of moisture contents relative to the amount of rainfall. The data from two
sites with USCS soil types OH (CR-3, CR-5) and two sites with soil type
Mi (CR-1, CR-2) were analyzed.

Frequency distributions of moisture contents as percent of field
capacity were quite similar for both MH sites, and therefore the data from
both sites were combined. Separate frequency distributions were then

prepared for all months having between 3-4.9, 5-6.9, 7-8.9, 9-10.9, and
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11-13 inches of rainfall. The percentage cumulative frequencies were
plotted as cumulative probability graphs and gave good indication of normal
distributions. The graphs revealed differentiation only between wide
increments of rainfall. The resultant plots, means and standard deviations

are shown in Figure E-3.

The data for the OH soil types (CR-3 and CR-5) were treated in a
similar manner and the results are shown in Figures E-4 and E-5. As with
the MH soils, moisture contents increased very little in proportion to the

increased rainfalls and standard deviations remained rather constant.

Unlike the M{ sites, the OH sites displayed distinctly different
distributions and separate means and standard deviations resulted. As one
would expect, the highly organic Oll soils, which are often associated with
wet sites, had higher moisture contents. The differentiation between the
two Oll sites can be explained by the position of the water table, which was
within 12 inches of the surface 100% of the time in the wetter site (CR-3).
The overwhelming influence of the permanent water table is demonstrated in
Figure E-4, which shows essentially the same cumulative probability

distributions for 3-7 inch and 7-13 inch rainfall increments.

The analysis of Costa Rica data suggests that perhaps probability
levels for particular moisture levels being met or exceeded can be established
for various groups of soils, rainfall increments, and topographic positions.
Many different soils tend to exhibit similar statistical distributions when

moisture content is expressed as percent of field capacity.

Certainly much more data from many more locations needs to be
analyzed to test and develop this hypothesis. WES has collected data from
other countries such as Panama, Puerto Rico, Columbia, and Thailand which
can be used in such analysis. We intend to do further statistical studies
of available data to further develop a predictive method and provide

guidelines for test programs.
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Appendix F: GEOMETRIC AND SOIL CHARACTERISTICS OF STREAMS

Streams have characteristic streambed and bank properties which are
reasonably consistent and definable within given landscapes. Streams can
be categorized as destructional, constructional, or fan. Destructional
streams are narrow and steep-sided and occur in the headwaters of drainage
basins. They are eroding in local soil or bedrock and do not have alluvial
flood plains. Constructional streams are wider with greater average water

depths and will have flood plains of fine to medium textured alluvium.

Constructional streams can be further categorized into upstream and
deltaic. In upstream constructional streams, the mecan water level is
significantly below the bank top, whereas in deltaic streams the mean water
level is often near the bank top. Deltaic type streams are relatively rare
since they must occur on coastal shelves and are actually large rivers.
Examples would be in the Mississippi or Mekong Deltas. Streams producing
alluvial fans are confined to semiarid regions where coarse textured materials

are deposited at the base of mountain ranges.

Figure F-1 illustrates idealized cross-sectional shapes of the

stream types discussed previously.

DESTRUCTIONAL CONSTRUCTIONAL ALLUVIAL FAN
STREAM STREAM STREAM

N\

CUT-OFF SLIP=OFF
SLOPE SLOPE

Figure F-1 TYPICAL STREAM CROSS SECTIONS
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Tables F-1 and F-2 summarize some bed and bank characteristics which

can he expected to normally occur in these streams.

Since destructional streams do not have alluvial flood plains, their
bank and bed compositions will vary erratically depending on the nature of
the local soil and bedrock. Cross-sectional channel shapes will be symmetric
and bank slopes will be nearly vertical. Destructional streams have not

developed a meandering pattern.

Constructional streams do meander across their alluvial flood plains
and except for relatively infrequent straight reaches, assume typical
assymetric cross-sections as shown in Figure F-1. The cut banks occuring on
the outside of meanders are normally steeply sloping since they are being
undercut by high velocity flow during high water periods, and are cohesive.
The suggested slope range for cut banks is 70% to vertical. The slip-
off banks are less sloping since water velocity is less on the inside of
meanders, and coarse textured, low-cohesion materials are deposited there.
The suggested range for slip-off banks is from 10% to 30%. Upland constructional
streams will often require vehicle swimming in contrast to destructional
streams, which rarely it ever will have sufficient water depth to require

swimming. Uleltaic streams will almost always require vehicle swimming.

From Table F-1 it is seen that deltaic streams differ from other
constructional streams principally in the composition of the slip-off
slopes. This results because the bulk of coarse materials have been

deposited on shoals much further upstream.

Streams on alluvial fans are confined to arid or semiarid landscapes
occurring at the base of mountain ranges. Their beds and banks are
predominantly coarse textured. In addition, bank heights rarely exceed
three feet. These streams therefore are minor deterrents to off-road

movement.
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Table F-1
BANK AND BED CHARACTERISTICS OF CONSTRUCTIONAL STREAMS

CUT-OFF (1) CUT-OFF SLIP-OFF (1) SLIP-OFF BED
BANK COMPOSITION| BANK SLOPES |BANK COMPOSITION|BANK SLOPES|MATERIAL

CH, CL GW, GP, SW GW, GP
AM ' — VERTICAL + GP, 10 - 30% .
UPSTRE M. ML 70% el e
DELTAIC CH, CL 70% — VERTICAL|  CH.CL.SM 10-30% | SW.sP
MH, ML MH, ML M

(1) UNIFIED SOIL CLASSIFICATION NOMENCLATURE

TABLE F-2
BANK AND BED CHARACTERISTICS OF
DESTRUCTIONAL AND ALLUVIAL FAN STREAMS

BANK COMPOSITION (1) | BANK SLOPES BED MATERIAL
NEARLY
DESTRUCTIONAL VARIABLE (2) o VARIABLE (2)
GW, GP NOT GW, GP
SHEIALL (4] SW, SP APPLICABLE (3) W, SP

(1) UNIFIED SOIL CLASSIFICATION NOMENCLATURE
(2) DETERMINED BY NATURE OF LOCAL SOIL AND BEDROCK
(3) BANK HEIGHTS RARELY EXCEED THREE FEET
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Tables F-1 and F-2 can be used to delimit what soil and geometric
conditions can generally be exnected for those landscapes containing either
destructional, constructional or alluvial fan streams. It must be remembered
that destructional and constructional stream segments occur in the same water-
shed as il'ustrated in Figure F-2.

/ W e et DESTRUCTIONAL STREAM SEGMENTS
CONSTRUCTIONAL STREAM SEGMENTS

Figure F-2 CONSTRUCTIONAL AND DESTRUCTIONAL STREAM SEGMENTS

Mathematical Model of Stream Bank Heights

The geometric relationships of streams to their drainage areas
depend upon a spectrum of rainfall and runoff flows which in turn are

related to the vegetation and soil cover of the bedrock.

An idealized cross-sectional configuration which most alluvial streams
approach is shown in Figure F-3. The following discussion will be referenced

to this figure.

BANK FULL WATER LEVEL

/
\ CUT-OFF

BANK CUT-0FF BANK HEIGHT (Y)
ALLUVIAL POIN
BAR S

Figure F-3 TYPICAL CROSS-SECTION OF ALLUVIAL STREAM
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The slope which the alluvial point bar makes with the horizontal

for many naturally occurring streams is 15% and therefore will be assumed in
F1

this model. The cross-sectional area of Figure F-3 therefore is
7z 7 Yz
A== b o L=
7t Z g (1)

The hydraulic radius of a stream is defined as A/P where P is the

wetted perimeter of the channel FZ. In the above figure r = 0.5y

The classic and well-established formula for relating the erosive

properties of a stream to its geometry and bank materials is Manning's

formulaF2
V. 149 '.3(,5’/2 (2)
n
where:
v = erosive velocity in feet per second (fps)
n = channel roughness factor
r = hydraulic radius
K} = water surface slope = channel slope

The value for n in small streams = 0.07 and this value will be assumed

here. Substituting 0.07 for n and 0.5 Y for r in Equation 2:

AL B % 3 V2
v o7 (05Y)75 T = 134775 (3)
y=o002v¥s (4)

Therefore bank height Y can be expressed in terms of erosive velocity
V and channel slope S. The empirical data of Ref. F1 shown in previous

ORMR reports F3, F4are in general agreement with Equation 4. Analysis
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of existing data as shown in Figure F-4 shows that V varies from 2.5 ft/second
for sand to some 13 ft/second for the most resistant basalts. Objectives of
future work would he to more precisely establish values for V, especially in
soil materials, to correlate values of S with local relief, and test the
models by checking predictions from the model with the actual geometries of

natural streams.
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Figure F-4 PEAK FLOOD WATER VELOCITIES WHICH INITIATE EROSION OF VARIOUS
DEBRIS SIZES
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Appendix G: INSTRUMENTATION FOR MEASUREMENTS WITHIN SOILS

We report below on (1) our effort toward improvement in the
X-ray method for measuring marker displacement, (2) the applicability of
microwave techniques for this and other purposes, (3) the feasibility of
measuring pore water pressure by small gages imbedded in the soil and

(4) the feasibility of remotely measuring the output of imbedded sensors.

X-ray Measurement of Marker Displacement

One of the major difficulties in interprecting the flash X-ray data
from the rigid wheel experiments performed for CAL at McGill University has
been that the flow field was recorded on several 8x10 in. X-ray films with
consequent considerable uncertainty as to marker position at junction points.
Therefore, we examined the capahilities of more powerful improved flash
X-ray equipment presently being marketed. It was found that the new
equipment will permit, in addition to one-shot recording of the entire
flow field, penetration through wider soil bins, at higher contrast and
with increased pulse repetition rate. The latter is desirable for observa-

tion of transient phenomena.

The present McGill equipment is a 300-kv unit and the new, a
600-kv unit; both made by the same manufacturer*. X-ray beam attenuation

varies with X-ray wavelength and follows an exponential law:

-f (;—‘)M“-’i/’cx

Ir=I,e"’
where 7 = X-ray intensity at distance x
Z. = X-ray intensity at source

Field Emission Corporation, McMinnville, Oregon.
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Zf(ﬁ)lau is the mass absorption cocfficient of the compound at
13

the wavelength A
Ao is the density of the compound
X is the amount of material which must be traversed.

If the X-ray beam must traverse two or more different materials,
then the total attenuation is computed by multiplying by the attenuation of
each of those materials. Our calculation was based on traversing a bin 8"
wide, contained by 1" thick Plexiglas walls. Compound density and mass
absorption coefficient were taken for kaolin and 60% (by weight) of water.
In the calculation of the mass ahsorption coefficient the simplifying
assumption was made that all the X-ray energy is of the wavelength corres-

ponding to 40% of the peak voltage.

Figure G-1 shows the geometry on which the calculations are

based.

e ;.L/X-RAY FILM

X-RAY SOURCE
5 ~ 8

LEAD MARKER

KAOLIN

PLEXIGLAS SIDES
SOURCE-TO-FILM DISTANCE
OBJECT DIAMETER

Z'W o

w
o

M wv N

IMAGE DI AMETER

b 1-1/4

Figure G-1 GEOMETRY FOR MEASUREMENT OF MARKER DI SPLACEMENT
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The system parameters for both X-ray units under consideration are listed

below:
Summary of System Parameters
300 kv _Unit 600 kv Unit
Source Size 5 mm 5 mm
X-ray beam cone angle 30° 60°
Resol:tion of marker 1 mm 1 mm
S.F.D. (maximum) 21" 3
S (object diameter) 8.24" 29.6"
F (Image diameter) 10.5" 36"
Repetition Rate (pulses/sec) 2 5

The cone angle for both units is based on the minimum energy required at
the film which is 0.2 milliroentgen for Royal Blue X-ray film backed by a

pair of calcium tungstate intensifying screens.

The 600-kv unit is available with a repetition rate of 5 pulses/sec
and the contrast is expected to be improved over the 300-kv unit because
twice as much energy is available at the edge of its 60° field than at the
edge of the 30° field of the older unit.

Microwave Techniques

There are only two regions of the electromagnetic spectrum where
soils have significant transparency. These are the X-ray or hard X-ray
region, which was discussed in the preceding section, and the microwave

region at wavelengths of 3 cm or more.
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Microwaves offer an additional degree of frcedom to the experiment
designer in that they are reflected from suitable targets; therefore, he
is not limited to measurement of transmitted energy as in X-ray work. A
possible advantage of the method would be the acquisition of information
on displacements in the interior of a soil volume in a continuous rather
than an intermittent mode. On the other hand, their reflection properties
also limit their usefulness by scattering from many materials, including
sensors, and the wheel. T.eir most severe limitation - one which has not
been examined quantitatively - may be heating and consequent water move-
ment in the soil. Since practically no data on microwave penetration in
soil were available, a few simple experiments were conducted. Evaluation
of these experiments was reported to be in progress at the time of publica-

tion of Reference G-1 and significant results are reported below.

Attenuation in sands of different water content was measured at
a wavelength of 10,53 cm (S-band). On the basis of measurement of input,
reflected and transmitted power, shin depth (the depth of sand at which
power has been attenuated to 1/~ of its magnitude at the surface) was
calculated. Working depth in sand at this frequency compared favorably
with that of X-rays. At water contents of 0, 4, and 16%, skin depths of
700, 50 and 20 cm, respectively, were found. Total marker displacement

measurements were made with the interferometer setup shown in Figure G-2,

Target, sand box and stub tuner make up the test arm and the line
stretcher, attenuator and phase shifter the reference arm. When the
standing wave patterns in each arm annul each other at the coaxial hybrid,

the crystal detector indicates the null by having a zero output.

With this set-up, displacements were computed from phase shift
measurements; their accuracy was found to be strongly dependent on the
distance of the horn from the sandbox. A distance of several wavelengths

appeared to be preferable to distances below onc wavelength. In view of
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Figure G-2 |INTERFEROMETER FOR MEASURING MARKER DISPLACEMENT AT S-BAND

the fact that due to its shorter wavelength, the X-ray method is inherently
more accurate. It was concluded that development of a microwave method to

replace the X-ray technique as currently used is not warranted.

Pore Pressure Measurement

The response time, t, of a pore pressure measuring setup is given

by Bishop and HenkelG2 as

1o T ! g)‘ Az)z
£ c,c’\p/ \ap

where ¢, = coefficient of consolidation
C. = coefficient of compressibility
d = gage diameter
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o = specimen diameter (e.g., diameter of triaxial test cell)
Az = displacement at tube diameter
Ap = pressure change associated with 4<%

The test geometry for which the formula applies is shown in

Figure G-3

L~ TRIAXIAL TEST CYLINDER

|_— RUBBER

— ]
|_POROUS STONE

' -

..........
..............

o
1]

PISTON PRESSURE
PRESSURE ON CYLINDER WALLS

MERCURY

Figure G-3 PORE PRESSURE MEASUREMENT
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This test geometry is used in the triaxial test. Here pore
pressure is measured for the entire volume under test, this volume is

large and the gage response time is long.

It is seen that the response given in the equation is a function

of soil material properties, test geometry and gage characteristics. Actual
pore pressure changes, whether observable or not, depend only on <, and Cc.
Generally gage response, i.e., the pressure change actually measured and the
response time, will depend on the soil volume observed and on the displacement
required to obtain a measurement. If both are made small, then the gag= will
be sensitive and will have a short response time. Such a gage Wwill measure
local pore pressure changes that may occur even though no change occurs in a

large surrounding volume.

Soine progress toward the development of small sensitive and fast
pore pressure gages was reported by MIT G3 in 1963. Our review of that work
and recognition of improvements in sensor material since that time encourage

us to recommend development of a small pore pressure gage.

The MIT report indicates that several fast response gages appeared
technologically feasible, e.g., based on electrical resistance change in a
semiconductor, change in resistance in a transistor, change in electrostatic
charge of a piezoelectric crystal, and a proprietary pressure-sensitive
resin compound. Only the last of these appears to have been built - with

poor results due to material failure.

Of these schemes, the pressure sensitive transistor was investigated

independently at the same time at CAL *. In principle, transistors having a

*
“Stressed-Transistor Pressure Transducer"', Internal Memo, 26 July 1963.
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very thin n-layer and transition layer (1-2 microns) diffused on a p-

type crystal appear to exhibit ambient pressure sensitivity. Best results
in terms of sensitivity and signal-to-noise ratio , were obtained when
such a transistor was operated in the diode mode. MHowever, the device

was also found to be highly temperature sensitive and was not further
developed at CAL.

The device which is recommended for further development has the

geometry shown in Fiaure G-4.

1/8" DIAMETER

* BRASS CASE ‘ NICKEL BELLOWS

POROUS BRONZE CAP
e
WIRE RODSZY e
N 0 WATER
 —
/— SEMI CONDUCTOR COLUMN

(FROM REFERENCE G3)

Figura G-4 SEMICONDUCTOR COLUMN PORE PRESSURE DEVICE

The sensitive element is a semiconductor column which has one end in contact
with metal bellows which is in turn exposed to water within a hemispherical
perous sheil. The shell is acted upon by the pore water pressure of the soil

medium in which the entire gape is embedded.

The semiconductor column changes resistance with pressure. A power

source and a bridge circuit are required to sense this change in resistance.
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According to the cited MIT report the semiconductor column will
have a 4x of only 4.10-“ inches at a rated load of 100 psi. The optimum
stiffness of the transducer and its response time have yet to be determined.
Response time of such a gage (say in water), should be well below one
millisecond. The supplier of the semiconductor material* has been contacted

and has expressed interest in development of the device.

Remote Sensing

The pore pressure gage described in the previous section is
powered from outside the soil and is connected to the power source by two
wires. Disturbance of the soil medium, particularly if many such local
measurements are to he made, would be much iess if this external connection
were not needed. The feasibility of threce devices; a completely passive, a
sclf-powered, and a pulsed device, for wireless, or remote, sensing was
explored. Such "endoradiosondes' have been used to transmit physiological
information from within the human or animal body. The devices examined in
our brief survey were all developed for such purposes. As a consequence,
they have been built for power pressures and for shorter source-to-sensor
distances than would be suitable for soil measurements, but in principle
they appear highly applicable. The development of a passive, i.e., hattery-
less, device designed to transmit pressure information from within the eye
has recently been reported 64. It comprises two tlat spiral coils that are
electrically equivalent to a parallel resonant circuit and whose resonant
frequency is a function of the spacing between the coils. As the surrounding
pressurc forces the coils closer together, the resonant frequency is changed
and a remote frequencv-swept transmitter that is coupled to the circuit
provides an indication at the frequency at which the energy ahsorbed by the

parallel resonant circuit is a maximum.

For implantation into the eve, the coils are packaged into a
cylindrical capsule and capsules have been built 2,4 and 6 mm in diameter
and 1 to 2 mm thick. The largest of the capsules resonates near 120 MHz; the

resonant frequency changes approximately 10 MHz per mm change in coil

*
Bytrex, Inc.
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separation. The pressure sensitivity is, of course, a function of the
stiffness of the capsule faces that transmit the pressure to the enclosed

coils.

The main difficulty in implementing this scheme for the application
at hand will be to achieve a close enough coupling between the transmitter
outside and the passive resonant circuit within the soil bin - the circuit
must absorb a sufficient nortion of the transmitted energy for it to be
detccted by the transmitter. The author indicates that a practical limit to
the distance between the transmitter and the radiosonde is approximately 25
times the radius of the coils. However, with antennas or lenses that focus
the energy onto the capsule, it should be possible to extend the range
considerably. At 120 MHz, such a focusing svstem would probably be a very
large device; at higher frequencies the energy absorntion of the soil will

become a problem.

An active radiosonde with a self-contained battery was described

by Mackay and Jacobson &, & i

n 1957. The device was a capsule 2.8 cm

long and 0.9 cm in diameter, transmitting both temperature and pressure
information at a frequency of approximately 500 Kilz. The circuit was
basically a transistorized Hartley oscillator; the pressure was sensed by

the movement of a diaphragm that moved an iron slug in the oscillator coil,
thus controlling the oscillator frequency. The unit was capable of operating

for about two weeks.

An improved version of the active radisonde described above was
reported by Mackay 67 in 1959. Also operating in the broadest band
(about 500 KHz), this unit was enclosed in a capsule 0.8 cm in diameter and
2.7 cm long, and the transmitter signal was picked up with a 2 1/2 inch
diameter coil and fed into a standard broadcast receiver. One mercury cell
would power the unit for about 3 days. For indefinite operation, a rectifier

diode could be added to the circuit and the mercurv cell replaced with a
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rechargeable nickel-iron-cadmium cell GB. The battery could be recharged

from the external oscillator inductively coupled to the rectifier in the

radiosonde. A similar endoradiosonde is described by England et al. ®

Externally generated pulses charge up a storage capacitor in the
lartley oscillator, of another device, and the time interval between the
trailing edge of the externally generated pulse and the beginning of
oscillation is a measure of the magnitude of a blocking capacitance in the
circuit.GlO In the reported device temperature and pH control the magnitude
of the capacitance, but pressure control appears just as possible. The
operating frequency of the charging circuit was 700 KHz. The capsules

measured 8 mm in diameter and 25 mm in length.

It is evident that none of the devices surveyed is immediately
applicable to laboratory or ficld experiments in soil. Adaptation to the
pressure range of interest would inherently also make them more rugged.
Extension of their transmitting range may be a bigger problem. As an
immediate step we recommend consideration of a pore pressure probe as
described earlier, with built-in battery, Battery life should be less of

a problem than in human inplants.

We should also note the potential of such gages for measurements of
variables other than pore pressure, e.g., uniaxial solid pressure, temperature

or position.

If, as noted earlier, many such gages are to be used in array, then a
variation of the method appears attractive in which a high power transmitted
pulse excites a passive device into oscillation. One exciter could be used
for a number of pressure transducers set to different quiescent frequencies
and, by using a time gated transmitter-receiver switch, very high sensitivity
receivers adequate to detect the transducer signals could be used without
incurring damage from high power transmitted pulses. Locations of the pressure
transducers in the soil could be determined between runs by ultrasonic or

X-ray means.
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Appendix H: INTERPARTICLE FORCE CALCULATION FOR CLAY

Clay particles have a surface charge density which depends on the
type of clay and the exchangeable cations on the clay. Figure H-1 shows the
crystal structure of montmorillonite Hl, indicating that the clay surface

can only be negatively charged.

9.54
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HYDROXYL |0ON
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Figure H-1 CRYSTAL STRUCTURE OF MONTMORILLONITE

Montmorillonite consists of alternate layers of tetrahedral silica units and
octrahedral hydrous aluminum oxide (gibbsite) units. This alternate layered
structure of silica and gibbsite is shown schematically in Figure H-2. The
negatively charged silica surfaces attract water which occupies the space
between the silica layers. The spacing between the elemental silica-gibbsite-
silica sheets depends upon the amount of water available to occupy the space.

The expandable lattice of montmorillonite is seen to be due to thic inter-

layered water.

*
Grim, R.E., "Applied Clay Minerology", McGraw-Hill Book Company, Inc.,
New York 1962.
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Figure H-2 MONTMORILLONITE SHOWN SCHEMATICALLY

Under water-saturated conditions, the montmorillonite platelets can be
separated into elemental silica-gibbsite-silica sheets having a thickness of
approximately IOR (see Figure H-1). It will be shown for 0.1 N solution of
NaOH and constant surface charge of 3.0 x 10'4 esu/cm2 that a zero pressure
between the platelets predicts each flat surface will attract a viscous
water layer of 40R. Under these zero pressure conditions, the platelets are
separated by 1008. In general, montmorillonite occurs in sheet form

having lateral dimensions of 1000 - 50008 and a thickness of 10-50%. 7The
water absorbed on a clay platelet consists of the bound water and the viscous

water. Figure H-3 depicts the states of water about a clay particle.
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L]
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Figure H-3 STATE OF WATER ABOUT A CLAY PARTICLE
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Since a clay particle is charged, it interacts with the electrolyte
and drags the viscous water around with it as the clav particles move in
solution. The interaction of two charged plates in an electrolyte has been
calculated by Van Olphen H2 for one plate separation and the extension to
other separations will be presented beglow. The interaction comes about
because the clay particles have an electrostatic field about them, due to
their charged surface, which interacts with the ions in the electrolyte.
This phenomenon is described by the electric double layer theory. Under
equilibrium conditions, a charged platelet in an electrolyte will have a
local concentration of ions at a distance X from the platelet's surface
which can be related to the potential at that point. Using Boltzmann's
theorem, we can express the local ion concentration at some point within
the electrolyte as a function of the potential at that point. The appropriate

cquations* are:

n. = nt exp(v. ep/k7) (1)
n. = nt exp(-v, ed/47) (2)
P e En, - VUien. (3)
where n., n, local ion concentrations of nepative and positive ions
v, v, valence of negative and positive ions
o potential at point in question
n* nk ion concentrations of negative and positive ions far

away from the surface

*
Much of this work follows the outline given by Van Olphen ik in his
Appendix IIl.
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0 charge density at the point

e clectron charge
k Boltzmann constant
7 Absolute temperature

If we consider the case for which v - 1~ - »» or equivalenced ions, then
n, =n*=n . Using the above equations with this simplification in

the Poisson cquation we get

2
d°@ /477) 8rnve veg
=3 = - [—]p = ——— sinh 4
dx Ve /)7 € ” (kT ) €)
where € 1is the dielectric constant of the medium.
T
If veg <<f{ then ¢ << LA
kT ve
At room temp P < 25 mer
Then Equation 4 can be written as
d°¢ 8mrnve / ve
= C— = Kz S)
dX? e ( kT )(p ¢ ¢
2 2
where K? = M—g—e (6)
€k 7
-KX N .
50 @ : p,e where $, is the expotential (7

of the plate.
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Equation 7 describes the decay of potential ¢, with distance from the
platelet. The quantity (/K represents the thickness of the double layer
and is called the Debye length.

Doy oo 4T
K 70 Emrnvie? (8)
The double layer charge is given by

a-'--/o:od)( )

o~ the surface charge

o volume charge density
Using Poisson's equation we get

S

Evaluating expression (10) we have

o = -If _____Ze;k r swinh (——Zii") (11)

We can now use this expression to determine the potential of the surface for a
plate of constant charge density. Table III of Reference H2 gives the
results for a plate of constant surface charge of ll.7la.C/cm2 at various

electrolyte concentrations and charges.
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Table IIL OF REF. H2
SURFACE POTENTIAL ¢, FOR CONSTANT CHARGED SURFACE OF 11.7 MICROCOULOUMBS/cm2

1-1 VALENT 2-2 VALENT

NORMACLITY, 1/, 3, 1k, éo

——t

1058 | 10°% cm 355 mv| 0.5 x 1072 cm | 178 mv
1073 N | 1076 cm |240 mv| 0.5 x 1076 cm {120 mv
10-'' N {1077 em |130 mv | 0.5 x 1077 cm | 65 mv

—

Equation (4) can now be evaluated with appropriate boundary conditions to
give the potential between interacting flat double lavers of the Gouy type.
Explicit use is made of the fact that we are dcaling with a constant surface

charge, not with a constant surface potential.

Figure H-4 below shows the potential between interacting parallel

plates in one dimension.

P DISTANCE

Figure H-4 POTENTIAL BETWEEN INTERACTING PARALLEL PLATES
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The boundary conditions are at - 4, :_: =0, =@y, X=0, & =g
. . P Emrnyve ved
integrating Tz = senh (—7_—)
4
gives (4777“‘_ Brnkrabh ve¢J%
ax o € kT Y
L Smrnkl \ ved ved, |z
- mn z - .2 d | % 12
S0 = ( ~ ) [Z.ash i cosh —= ] (12)

The gradient of the potential in Equation (12) is used in
Equation (10) to relate the hypothesis of constant charge to a calculation

of the midway potentiai, ¢, . The equation which results is

! (]
z 2 z
Zcosh (V““) —an:h(ve_éd)] - o~ ( 7 ) = const.
kT A7 enk7T

Given the electrolyte concentration, plate separation and charge density

on the platelets, Van Olphen calculates sets of values for -u, where

u = vedy and -Z, where 2z - 1?7_‘6 and defines -« and -Z as the
midway“a-nd surface potential respectively. This information can now be used
to calculate the pressure between two flat double layers. Langmuir

derived the expression given in Equation (13). This expression gives the
total repulsive pressure acting on two flat charged planes in an electrolyte
as a sum of osmotic pressure terms. The total pressure is constant across the
space between the planes and is evaluated midway between the plates. This

equation strictly applies for an equilibrium ion solution.

p - [’70 (e e g/kT ‘e —veﬁ/lrr) '2/70] kT

= 2nkT (605/7 -——7:6;_“ - 1)

(13)

The pressure between two flat charged plates can now be evaluated. Initially

we specify:

(1) Charge layers are of the Gouy type
H-7 VJ-2330-G-3



(2) Constant surfzce charge - take 3 x 1074 eswfem® s 1.7 uClcm?
(3) Plate separation = 2 d; take 2 ' = 100 R

(4) Electrolyte and normality - take NaCL, 0.1N

Using this information we find K which is given as 10’ en! = 10 R in

dy (57510 %
Table III of Reference H2. We calculate (—-) = —————=5¢ and Kd;
- s pp Tw°
where y= veg/kr and F - Kz . Using these values we look up the value

of = ped /47 in Reference 2. For the example chosen P~ = 0 o023azm.

Figure H-5 shows the magnitude of repulsive pressure versus various
plate separations; as shown qualitatively in text books (e.g., Scott). For
the case shown, there is no electric double layer interaction between the

plates when the plate separation is approximately 100 R or 4reater.

The attractive Van der Waals pressure e between the neutral atoms

on the platelets can be calculated {rom

A (14)
6mrs?
where A is the Hamaker constant
) the separation of two thick plates

The material properties of the plates come into the calculation of A since
A= 77‘272(—3‘“’/7;) ). g’i's the number of atoms per cm3 of the plate material
and @ is the polarizability of an atom and Ah¥ 1is its ionization energy.

This expression applies for the case of additive London-Van der Waals forces.

For most elements the llamaker H5 constant is experimentally found to
be of the order of 10'12 to 10'13 erg. Using A = 10'13 erg we calculated

the attractive pressure using Equation (14). These results are plotted in
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Figure H-5 for direct comparison with the repulsive pressure. Figure H-5
indicates that the parallel plate separation of 108 is not physically
meaningful, since this would require the ions to penetrate the bound layers

of water. Also, it is physically impossible for the electrolyte concentration
to reach the potential calculated at this point.
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